γ-secretase and signal peptide peptidase (SPP) are unusual GxGD aspartyl proteases, which mediate intramembrane proteolysis. In addition to SPP, a family of SPP-like proteins (SPPLs) of unknown function has been identified. We demonstrate that SPPL2b utilizes multiple intramembrane cleavages to liberate the intracellular domain of tumor necrosis factor α (TNFα) into the cytosol and the carboxy-terminal counterpart into the extracellular space. These findings suggest common principles for regulated intramembrane proteolysis by GxGD aspartyl proteases.
. This strongly indicates that all SPPLs are members of the GxGD protease family. Although SPP is known to be involved in the clearance of signal peptides, as well as in the processing of hepatitis C viral core protein 3 , substrates for SPPLs have not been found. To identify putative substrates for SPPLs, we focused on SPPL2a and SPPL2b, as they are of specific interest due to their unexpected localization to late endosomes and at the plasma membrane 4 (and see note added in proof), which suggests a function independent of signal peptide cleavage. Knowledge of the subcellular localization 4 and previous work on the substrate requirements for SPP 5 led to the identification of TNFα as a candidate substrate (see note added in proof). To verify selective TNFα processing by SPPL2a and SPLL2b, cell lysates from human embryonic kidney 293 cells co-expressing TNFα and SPP, or members of the SPPL family, were investigated for the presence of the TNFα intracellular domain (ICD; for a schematic representation of TNFα processing see Fig. 1f ). TNFα ICD generation was only observed when SPPL2a or SPPL2b were coexpressed, whereas SPP and SPPL3 did not support TNFα proteolysis (Fig. 1a) . As SPPL2a and SPPL2b seem to be redundant (Fig. 1a) , and the zebrafish genome encodes only one SPPL2 gene 4 , we focused exclusively on SPPL2b. Liberation of the TNFα ICD (sometimes appearing as a closely spaced doublet on western blots; Fig. 1b ) was dependent on the aspartate residue (D421) within the GxGD of SPPL2b, as the TNFα amino-terminal fragment (NTF) accumulates on overexpression of SPPL2b D421A , a proteolytically inactive mutant of SPPL2b (Fig. 1b) . Moreover, as it is the case for γ-secretase substrates, the TNFα NTF coimmunoprecipitates with SPPL2b when it is inactivated either by mutagenesis (Fig. 1c) of the critical aspartate within the GxGD motif, or by use of selective inhibitors (Fig. 1c) . Surprisingly, and in contrast with γ-secretase 6 , significant amounts of full-length TNFα also specifically copurified with SPPL2b (Fig. 1c) . As full-length TNFα also copurified with SPPL2b, it may be cleaved, to some extent, directly by SPPL2b. This is consistent with the observation that SPPL2b acts independently of a docking protein (for example, Nicastrin, which is responsible for the size selection of γ-secretase substrates 7 ). TNFα ICD generation predicts that its C-terminal counterpart (the TNFα C-domain) is secreted into the media, analogous with processing of γ-secretase substrates 1 . To facilitate isolation of the TNFα C-domain, we generated TNFα ∆E , where the ectodomain is deleted. Similar constructs greatly facilitated the investigation of Notch, APP and CD44 endoproteolysis by γ-secretase 1 . As shown in Fig. 1d cells expressing proteolytically active SPPL2b secreted the TNFα C-domain, whereas large amounts of uncleaved TNFα ∆E were observed on expression of SPPL2b D421A (Fig. 1d) . After the demonstration of selective TNFα ICD and TNFα C-domain generation, we investigated whether these TNFα ICDs can be generated endogenously. As the TNFα ICD is very unstable (data not shown), making in vivo detection difficult, in vitro assays similar to those introduced to isolate the highly unstable β-amyloid precursor protein (APP) ICD (AICD) 8 , were used. After demonstration of specific in vitro generation of TNFα ICD when SPPL2b was overexpressed (Fig. 1e) , the same type of experiments were repeated with membrane extracts obtained from cells not transfected with SPPL2b. This revealed that, under endogenous conditions, TNFα ICD was generated and its production was inhibited by the SPP-SPPL specific inhibitor (Z-LL) 2 -ketone, which does not block γ-secretase 9 ( Fig. 1e ). Taken together these data strongly suggests that endogenous SPPL2a and SPPL2b generate TNFα ICD.
The cleavage sites of the ICD and the TNFα C-domain were then determined by mass spectrometry and radiosequencing. Mass spectrometry of purified ICDs revealed major intramembrane cleavage sites after amino acids 34 and 39 (Fig. 2a, c) . Additional peptides ranging from 25-29 amino acids (Fig. 2a, c ) suggested degradation by a cytoplasmic carboxypeptidase (Fig. 2c , blue arrows). This is supported by the observation that TNFα ICD can be detected as a doublet in some cases (Fig. 1b) . Furthermore, over time, the higher molecular mass peptide is converted to the smaller peptide (data not shown). Radiosequencing of the TNFα C-domain demonstrated a major cleavage after Cys 49 (as was evident from large peaks of Our data suggest a similarity in the cleavage pattern of γ-secretase and SPPL2b, although both proteases have fundamental differences with respect to complex formation (γ-secretase requires four different subunits for its activity 10 , whereas SPPL2 activity is massively increased when a single cDNA is overexpressed) and substrate orientation, and have limited sequence homology. SPPL2b, similarly to γ-secretase, performs multiple intramembrane cleavages separated by a number of amino acids (Fig. 2c) . It is tempting to speculate that this may include an ε-(after amino acid 34) 11 and ζ-like cut (after amino acid 39) 12 , in addition to a γ-like cleavage (after amino acids 49 and 51) at the luminal side of the membrane. Interestingly, the latter cleavage occurs as two cuts very similar to the γ-secretase cleavage, which liberates the 40 and 42 amino acid amyloid β-peptide. Moreover, similarly to γ-secretase, regulated intramembrane proteolysis of TNFα by SPPL2 generates a cytoplasmic cleavage product that is required for cellular signalling (see note added in proof). Strikingly, the active sites for SPPL2b are reversed within the membrane to accommodate type-2-oriented substrates. As for γ-secretase, the question arises of how one protease activity can cleave its substrate at several sites. Similarly to presenilin 13 , the catalytically active component of the γ-secretase complex 1 , SPP and all SPPLs seem to occur as homodimers 4, 14 . Moreover, at least for SPP, it has been shown that dimerization facilitates the binding of an active-site-directed photoaffinity-labelled γ-secretase inhibitor, suggesting that dimerization is required to form the fully active catalytic site of SPP 14 . In summary, we demonstrate a common multiple intramembrane cleavage by GxGD-type aspartic proteases, which is required for the liberation of a signalling factor into the cytoplasm and the secretion of amyloid β-peptide like domains into the extracellular space. Fig. 1a and the size of the lower panel in Fig. 8c were incorrect. These figures have been corrected online and are shown below. 
